INTRODUCTION
Regulating the safe use of metals in the environment presents many challenges. Organisms have been exposed to disparate concentrations of metals since the origin of life. Indeed, evolutionary history reflects the essentiality of several elements ( [1] [2] [3] [4] ; http://www.icmm.com/). Essentiality of many metals (a requirement for normal biochemical, physiological, and ecological processes) is one of the primary factors that confounds determination of toxicity threshold values and differentiates risk assessment from that of synthetic organic chemicals ( [5] ; http://www.icmm.com/). Cobalt (Co) is essential for certain bacteria (especially diazotrophs), and nickel (Ni) is essential for plants [6] [7] [8] [9] [10] [11] .
The crustal abundance of elements and the physicochemical properties of metals explain nuances in physiological responses, including essentiality, toxicity, and tolerance [2] [3] [4] . With few exceptions, those elements that appear in greatest abundance were incorporated into enzymes, electron transport chains, and structural features of primitive organisms. Homeostatic regulation of intracellular (or intraorganellar) concentrations of metals evolved to cope with existing conditions. Fairbrother and Kapustka [3] observed that, generally, the required nutritional levels of essential elements for plants tend to be approximately one order of magnitude less than the average crustal concentration, and phytotoxic levels tend to be approximately one order of magnitude greater than the average crustal concentration. This makes good sense from an evo-* To whom correspondence may be addressed (larrykapustka@golder.com). The current address of L.A. Kapustka is Golder Associates Ltd., 1000, 940 6th Avenue, Calgary, Alberta T2P 3T1, Canada.
Presented at the Symposium on Risk Assessment of Metals in Soils, 14th Annual Meeting, SETAC Europe Meeting, Prague, Czech Republic, April 18-22, 2004. lutionary perspective-if nutrient requirements were greater than might typically occur, such species would be restricted to isolated mineralized areas; if phytotoxicity occurred at lower concentrations, species would be relegated to mineral-poor areas.
The site of toxic action can be an enzyme, a membrane, or a cofactor critical to some biochemical pathway. Often, multiple sites of action for a particular substance might exist, and toxicity can be manifested in different ways, depending on how the primary modes of action and the cascade of secondary effects are linked. For many toxicity endpoints, such as reduced growth, fecundity, yield, or survival, multiple disruptions of biochemical functions are likely to occur [3] . For example, a phytotoxic response of reduced growth might be a result of impaired photosynthetic function, impaired respiration, or impaired water uptake by roots. Toxicity occurs at the point where the capacity of an organism to regulate the internal concentration of the metal is lost, resulting in a loss of functions required for normal growth or to sustain life. Generally, this occurs at one or more internal cellular locations or can affect an entire organ. Toxicity can also occur at the root surface without the substance ever entering the interior of the plant.
The U.S. Environmental Protection Agency (U.S. EPA) led a coalition of scientists representing government, academia, and industry in 2000 to establish ecological soil screening levels (Eco-SSLs) for Superfund Ecological Risk Assessments [12] . A comprehensive literature search was conducted, articles were examined thoroughly against established acceptance and evaluation criteria, quality assurance procedures were used to document the usefulness of the toxicity data, and extensive documentation of all steps in the process was captured in a database maintained by U.S. EPA Midcontinent Ecology Division. As a part of this effort, data gaps were identified with respect to phytotoxicity effects of Co and Ni, among others. Cobalt generally occurs in concentrations from 0.1 to 20 mg/kg in soils [13, 14] . It is associated with clay particles and organic matter and can be relatively nonbioavailable. Cobalt resembles iron and manganese in terms of geochemical cycles. Oxidation states are Co 2ϩ or Co 3ϩ . Cobalt is an essential cofactor for dinitrogen-fixing cyanobacteria and symbiotic diazotrophs [10] . A metabolic role in plants is not clearly evident. Phytotoxic response to Co is typically at the leaf margins. Chlorosis is common, possibly because of Co interference with Fe metabolism, which is needed for chlorophyll synthesis.
Nickel concentrations range from approximately 2 to 20 mg/kg, with a mean of approximately 8 mg/kg in most soils [13, 14] . Highly mineralized source areas and serpentine soils have substantially higher concentrations. Tolerant plant species have evolved on serpentine soils. Nickel is an essential element required in trace concentrations for normal plant growth [6] [7] [8] [9] [10] [11] . It is taken into the plant through roots; however, the amount and the rate of uptake is dependent on soil conditions, including pH, organic matter content, clay content, and iron and phosphate concentrations. Nickel concentrations in soils associated with chlorosis have been reported at 30 mg/kg, with reduction in growth at concentrations greater than 50 mg/kg.
The value of nearly all toxicity testing is constrained by limitations of the experimental design used. The overwhelming majority of tests have used an analysis of variance (ANOVA) design. The primary objective has been the identification of threshold response concentrations, typically reported as the no observable adverse effects concentration (NOAEC) or the lowest observable adverse effects concentration. The ANOVA design has been criticized for being dependent on the concentration intervals chosen, for being insensitive because of inherent variability in responses, and because most of the information from the test is lost. Comparisons among toxicity tests that use ANOVA designs are easily erroneous because the reported values for comparisons typically are point estimates. Information regarding the magnitude of the response over a concentration range is missing. Consensus has formed in the technical community that is in agreement with Chapman et al. [15] regarding the problems of using ''no effect'' determinations on the basis of ANOVA designs. Stephenson et al. [16] and Van Assche et al. [17] argued for the use of regression-based study designs with an unequal number of replicates spread over 10 or more concentrations focused around the putative threshold concentration. It is important to recognize that the upper and lower ranges in a regression can drive the solution of the equation describing the relationship.
The objective of this study was to produce laboratory-based plant toxicity test results that would fill identified data gaps on Co and Ni effects in plants. The work also was intended to provide a standardized model study design to fill other data gaps consistent with Eco-SSL acceptance and evaluation criteria [12] . The range-finding tests had two goals: to bracket the suspected 20% effects concentration (EC20) value for each chemical and to select three sensitive species for use in the definitive tests.
MATERIALS AND METHODS
We used a combination of range-finding and definitive tests to characterize phytotoxic responses to Co and Ni following the American Society for Testing and Materials (ASTM; E1963-98) Standard Guide for Conducting Terrestrial Plant Toxicity Tests ( [18] ; http://www.astm.org/cgi-bin/SoftCart. e x e / D ATA B A S E . C A RT / H I S T O R I C A L / E 1 9 6 3 -9 8 . htm?Lϩmystoreϩskjt1567).
Soil characteristics
Two test soils were used in this project. One was a synthetic soil (from recommendations of the U.S. EPA Eco-SSL Workgroup that could be produced from materials that are readily available to most laboratories) consisting of sand (70-mesh grade), 10% (by weight) kaolinite, and 5% (by weight) finely ground peat moss with pH adjusted to be acidic (achieved measured pH 5.01). Artificial soil was made up in 10-kg batches by mixing the clay and the peat together then adding the sand and mixing for 10 to 15 min. Use of a synthetic soil mixture was also expected to result in lower experimental variability than a native field soil. Use of synthetic soils, however, can give rise to artifacts that might not occur in a natural field soil. Thus, a second set of tests was conducted with a natural field soil selected to provide high availability of Co and Ni. Criteria for selecting a field soil was a pH of 4.8 to 5.5, organic matter less than 2%, and correspondingly low (Ͻ5%) clay content so that Co and Ni bioavailability would be maximized. The natural soil selected was from the Camas series (Willamette Valley, OR, USA) purchased from Green and White (Corvallis, OR, USA). Characteristics included textural classification of sand (sand 88.8%, silt 8.0% clay 3.2%), pH 6.32, and organic matter 0.1%. Batch soils were stored in large airtight tubs; enough soil was prepared and stored from the original batch for both the range-finder and definitive tests.
Preparation of test matrix
The concentrations of test substances used in the test were selected to be near the expected phytotoxicity thresholds inferred from the general toxicity literature. The expected threshold values (Co 10-100 mg/kg; Ni 30-100 kg/mg) were bracketed to yield 0.0X, 0.1X, 1.0X, 10X, 100X, and 1,000X, where X is the elemental mass of the soluble salts (cobalt chloride, CoCl 2 ·6H 2 O; nickel chloride, NiCl 2 ·6H 2 O; i.e., for Ni: 0.0, 0.3, 3.0, 30, 300, and 3,000 mg/kg).
Aliquots of the high-concentration batch were mixed with clean soil to make the lower concentration batches. These were first mixed by hand in plastic bags and then placed into a mechanical mixer for 15 min. The batches were again mixed by hand and returned to the mixer for another 15 min of mixing. Mixed soils were moistened (approaching water-holding capacity) weekly and then allowed to dry at room temperature for four cycles to simulate the weathering/aging processes following the recommendations of Ron Checkai (U.S. Army Edgewood Chemical and Biological Center, Aberdeen Proving Ground, MD).
Controls
Negative controls consisted of the unamended artificial or Camas soil as the nominal 0 mg/kg Ni or Co treatments. Positive controls for each species were prepared with the use of boron as boric acid introduced into the test soils at nominal concentrations of 160, 320, or 640 mg/kg for boron.
Test organisms
Five plant species (alfalfa, barley, radish, perennial rye, and brassica) were used in the range-finder tests following recommendations on test methods for hazard determination by Fairbrother et al. [19] , subsequently published in Van Assche et al. [17] . The recommendation regarding species considered seed availability, ease of handling, and expected sensitivity to test substances.
Fresh seeds were purchased for the study and checked for germination rate before conducting the tests. Nitro Plus alfalfa variety (Medicago sativa, Fabaceae) seeds were purchased from Territorial Seed (Cottage Grove, OR, USA; lot 18041). The seeds were pretreated with a rhizobium inoculum by the supplier; initial germination percentage was 87%. Spring barley (Hordeum vulgare, Gramineae) seeds were purchased from Wind River Seed (Manderson, WY, USA; lot 98-1544); initial germination percentage was 100%. Pac-Choy variety brassica (Brassica rapa, Brassicaeae) seeds were purchased from Nichols Garden Nursery (Albany, OR, USA); initial germination percentage was 91%. Early French Breakfast variety radish (Raphanus sativa, Brassicaeae) seeds were purchased from Nichols Garden Nursery; initial germination percentage was 
Environmental parameters
The test room used for this study has dedicated controls for temperature, ventilation, and lighting. The target temperature was set at 22ЊC (the recommended ambient temperature is between 20 and 30ЊC; [18] 
Range-finding tests
Range-finding tests used two soil matrices, five nominal concentrations per matrix, three replicates per concentration (with at least 10 seeds per test container), and five plant species for each chemical. Inert plastic test containers, nominally 10 by 10 by 10 cm, were used. A total of 150 test containers were used for each test substance (600 test units across the four test substances) during the range-finding tests.
Seedling emergence, growth, and survival were monitored for two weeks postemergence. Data collected in the rangefinding tests consisted of emerged seedlings, counts of surviving seedlings, qualitative scoring of plant condition, and a qualitative scoring of shoot height. Soil water-holding capacity was determined before the test.
After planting and hydration of soil, pots were placed into randomly assigned locations on a lighted growing rack. The day that negative controls achieved at least 50% expected emergence was designated day 0.
Emergence was tallied in all treatments on day 0. ASTM Guide recommends measurement of multiple endpoints. For this study, data were gathered on 13 quantitative endpoints for barley, brassica, perennial rye, and radish and 14 quantitative endpoints for alfalfa-emergence, survival, shoot condition (days 0, 7, 14), stem height (days 0, 7), stem height (harvest), root condition (harvest), root length (longest root), shoot mass (wet mg/kg dry), root mass (wet mg/kg dry), total mass (wet mg/kg dry), and nodules (alfalfa only). Additional qualitative observations (color, abnormalities) were made on day 7 and at harvest (day 14); however, these qualitative observations were not included in calculations of phytotoxic effects concentrations. Measurements of plant performance were analyzed by nonparametric statistical tests (e.g., Kruskal-Wallis) to ascertain significant differences among treatments [20] . Phytotoxicity can be expressed in one or more plant endpoints [21] .
We have developed a method to rank degrees of plant response to gain an overview of the large quantity of data. Classification of samples according to plant responses followed the methods described in Kapustka et al. [20] . This method provides a means of indexing performance for each soil sample relative to reference samples.
The replicate values for each species endpoint for each soil were compared with the respective values of the reference sample replicates. If the species endpoint for a sample was statistically less than the reference (by the nonparametric Kruskal-Wallis ANOVA test) and the endpoint was less than or equal to 90% of the reference, it was considered a phytotoxic response. Those species endpoint data that were not statistically different from the reference values or were within 90% of the reference value were listed as nonphytotoxic. Four categories of plant response were scored according on the magnitude of reduction. For example, if a sample was determined to be significantly different from the reference and more than 75% of the controls, it was designated mildly phytotoxic; if the endpoint was statistically different from reference and was between 51 and 75% of the reference, it was designated moderately phytotoxic; if statistically different and between 26 and 50% of the reference, it was designated highly phytotoxic; and if significantly different and less than or equal to 25% of the reference, it was designated severely phytotoxic. Numerical scores were assigned to each category: 0 for nonphytotoxic and 0.5, 1, 2, and 4 for the different levels of plant response (mild, moderate, high, and severe, respectively). The rank scores (0, 0.5, 1, 2, or 4) were summed for all species endpoints to give a treatment score.
Definitive tests
Results from the range-finding tests were used to determine the appropriate range of concentrations and to select the most sensitive plant species for each test substance. The NOAEC observed in the range-finding test was used as a predictor of the EC20 target level for the definitive test. Because the EcoSSLs are intended to be maximally protective, the three plant species exhibiting the lowest NOAEC in the range-finding test were chosen.
The experimental design for the definitive tests was structured for regression model analysis as recommended by Van Assche et al. [17] . This is an unbalanced design with unequal numbers of replicates across treatments (Table 1) . Because the slope of a phytotoxicity response curve can be steep or shallow, the exact spacing of the concentration intervals cannot be predetermined. The concentration sequence was designed to have one to three test concentrations below the EC20, and five to six test concentrations above the EC20. The upper end of the concentration range was selected to approach or exceed an expected 50% reduction in growth compared with the negative control. The regression model lends great flexibility in structuring the concentration intervals.
The definitive tests evaluated the three most sensitive plant species as identified in the range-finding tests at at least 10 concentrations (including the negative control). Test containers were monitored for two weeks postemergence for emergence, growth, health, survival, and mass.
Chemical analyses
Soil chemical concentrations were determined before planting and on completion of the phytotoxicity tests. For each soil and test substance, a single sample (ϳ100 g dry wt) from each concentration level was collected for chemical analysis before dividing the bulk soil into individual test containers for planting. Duplicate samples were collected and analyzed from treatments T-02, T-04, and T-06 (Table 1 ), bracketing the expected EC20 level to allow an estimate of the precision. Thus, for 10 treatments with three duplicates and two test matrices, a total of 26 analyses per test substance were analyzed at the time of planting. The same treatments were sampled for each species at harvest, resulting in a total of 104 soil analyses.
Soil samples were placed in certified clean glass sample bottles, packed in ice, and shipped to Mitkem (Warwick, RI, USA) for chemical analysis. Soil samples were analyzed for test substances according to U.S. EPA contract laboratory program (CLP) methods [22] . Cobalt and Ni were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) according to the analytical protocol for ICP-AES analyses described in the CLP Statement of Work inorganic low medium 4.0, U.S. EPA Method 200.7 CLP-M [22] . The detection limit was 1.0 mg/kg for each element. Acceptance and usability of the analytical data were evaluated by validating the entire data set for compliance with the methods used.
Statistical analyses
Analysis of data used summary statistics (mean, SD) for each treatment and regression of plant endpoints against chemical concentrations. The nonparametric means test (KruskalWallis) was run in Statistica [23] . Regression analyses were performed with both Excel (Microsoft, Redmond, WA, USA) and Statistica. Threshold responses interpreted as effects concentration (EC20) for each species endpoint were calculated from regression analyses. The EC20 values are listed for each quantitative measurement endpoint. The geometric mean of the EC20 values (excluding emergence, mortality, and nodule numbers) for each species is presented for all endpoints.
RESULTS
Emergence and growth parameters for the negative and positive controls for each species were above the minimum acceptance standards for the tests. Data files on environmental parameters, as well as the toxicity measurement endpoint and photos, are available from the corresponding author.
Range-finding tests
Cobalt. The effects of Co in the range-finding tests were evident by day 7 postemergence. Plants in the higher treatments were stunted and exhibited chlorosis. As the duration of exposure increased, the separation of treatments by size and shoot appearance also increased. By harvest, the qualitative observations pointed to severe phytotoxicity in the 300 and 3,000 mg/kg Co treatments. Quantitative measurements showed treatment-dependent effects of Co on each of the five species, consistent with the expectations established in the qualitative observations. Statistical differences were found among treatments for all five species.
The level of toxicity in the two soils (Table 2) were slightly different. Modest differences among species were detected as well. The most sensitive species was alfalfa, and the least sensitive was perennial ryegrass. On the basis of the phytotoxicity scores, the three species selected for the definitive tests with Co were alfalfa, barley, and radish.
The phytotoxic response to Co appeared to increase gradually over a relatively broad concentration range. Consequently, we were quite uncertain as to the optimal concentration range to select for the definitive tests. For some species endpoints, it appeared as if the threshold concentration might be near 10 mg/kg, whereas other species endpoints appeared to exhibit tolerance at 100 mg/kg or greater. Therefore, we elected to set treatments between 4.0 and approximately 350 mg/kg for the definitive tests.
Nickel. The effects of Ni were evident by day 7 postemergence. In alfalfa, signs of chlorosis were evident even at the 0.3 mg/kg treatment. The extent of chlorosis varied among species and between soils. As the duration of exposure increased, the separation of treatments by size and shoot appearance also generally increased. By harvest, the qualitative observations pointed to severe phytotoxicity in the 300 and 3,000 mg/kg treatments, with substantial effects noted at 30 mg/kg. Examination of roots at harvest revealed similar effects in terms of stunting and appearance. Quantitative measurements showed strong treatment-dependent effects of Ni on each of the five species, consistent with the expectations established in the qualitative observations. Statistical differences were found among treatments for all five species.
The level of toxicity in the two soils showed slight differences (Table 3 ). Modest differences among species were detected as well. The most sensitive species was alfalfa, and the least sensitive was radish. On the basis of the phytotoxicity scores, the three species selected for the definitive tests with Ni were alfalfa, barley, and brassica.
The phytotoxic response to Ni appeared to increase relatively quickly over two orders of magnitude concentration range. Differences between soils, and to a lesser extent among species, presented some uncertainty as to the optimal concentration range to select for the definitive tests. Generally, however, we anticipated the threshold concentration to lie between 30 and 50 mg/kg, but there were some indications of responses below 10 mg/kg. Therefore, we elected to set treatments between 2.0 and approximately 175 mg/kg for the definitive tests.
Definitive tests
Cobalt. All three species had a strong phytotoxic response to Co. Many of the endpoints would serve to illustrate the response; however, perhaps the most integrative response is total dry weight of the plants (obtained by summing shoot and root dry weight measurements). At the lower concentrations, plant growth was stimulated slightly, typical of hormesis responses (Table 4) . After treatment T-04 (12.3 mg/kg nominal concentration), plants exhibited a steady decrease in growth. All alfalfa plants died at the highest Co concentration.
The various endpoints were regressed against the log of the measured Co concentrations for each treatment (Figs. 1-3) . Although in many instances linear regressions were significant, a substantially better fit was obtained with binomial regressions. Individual plots of each species endpoint are presented in the appendices. Plant endpoints showed strong concentration-dependent effects, although virtually all endpoints exhibited characteristic hormesis response curves. Consequently, better descriptions of the concentration response relationships generally were obtained with the use of binomial regressions in which the endpoint values were regressed against the log measured concentration of cobalt. Squared regression coefficients (r 2 ) were consistently more than 0.6, and many were more than 0.85 for all species endpoints.
The linear and binomial equations were used to calculate the EC20 values for each species-soil-endpoint combination. The quadratic equation was used to solve for the concentration.
The EC20 value was selected from the regression (linear or binomial) that had the highest r 2 value. The results ( Table   5 ) are generally consistent for all endpoints within a speciessoil combination. Emergence and mortality, as expected, were less sensitive than the other endpoints. The six geometric means of EC20 values from the three species and two soils yielded a grand geometric mean EC20 of 30.6 mg/kg for Co.
Nickel. All three species had a strong phytotoxic response to Ni. Total plant dry weight can be considered to integrate many other responses. In the artificial soil, there was a strong stimulatory effect at the lower concentrations, followed by a relatively rapid curtailing of growth at the higher concentrations (Table 6 ). After treatments T-05 or T-06 (depending on the species and soil; 10 to 20 mg/kg nominal concentration), plants exhibited a steady decrease in growth.
The various endpoints were regressed against the log of the measured Ni concentrations for each treatment (Figs. 4-6) . Although in many instances linear regressions were significant, a substantially better fit was obtained with binomial regressions. Individual plots of each species endpoint are presented in the appendices. Plant endpoints showed strong concentration-dependent effects, although virtually all endpoints exhibited characteristic hormesis response curves. Consequently, better descriptions of the concentration response relationships generally were obtained with binomial regressions in which the endpoint values were regressed against the log measured concentration of cobalt. Squared regression coefficients (r 2 ) were consistently more than 0.6, and many were more than 0.85 for all species endpoints.
The EC20 value was selected from the regression (linear or binomial) that had the highest r 2 value. The results ( Table  7) are generally consistent for all endpoints within a speciessoil combination. Emergence and mortality, as expected, were less sensitive than the other endpoints. The six geometric means of EC20 values from the three species and two soils yield a grand geometric mean EC20 of 27.9 mg/kg for Ni.
Chemical analyses
Pretest measured Co concentrations closely tracked the nominal concentrations for artificial soil (Table 8) , ranging from 0.3 to 31.1 mg/kg (1.2-29.3% for target values), with a average discrepancy between nominal and measured concentrations of 7.6 mg/kg (9.5%). Cobalt concentrations in unamended Camas soil were measured at 5.2 mg/kg. Subtracting 5.2 from the measured levels indicated that actual treatment concentrations were within 0.9 to 14.8% of target nominal values, for an average difference of 1.6% of nominal target concentrations. Posttest measured concentrations in the respective plant tests showed little effect on concentrations relative to baseline (starting) test conditions. For Ni, pretest measured concentrations closely tracked the nominal concentrations for artificial soil (Table 9) , ranging from 1.1 to 7.6 mg/kg, with a average discrepancy between nominal and measured concentrations of 1.8 mg/kg. Nickel concentrations in unamended Camas soil were measured at 19.9 mg/kg. The Camas soil appeared to have fairly high levels of interference with the chemical analyses, especially at the T-02 to T-04 treatments (2, 3.5, and 6.1 mg/kg amendments, respectively). Posttest measured concentrations in the respective plant tests showed little effect on concentrations relative to baseline (starting) test conditions, although at the lower treatments, the interference with chemical measurements seemed to be greater in some species than in others.
DISCUSSION
The experimental design used in this study was structured to meet the criteria established by the Eco-SSL Workgroup to fill data gaps [12] . Moreover, the design follows the recommendations of other groups [16, 17, 19] . As described by Stephenson et al. [16] , our results were consistently nonlinear. Some results for Ni in Camas soil were linear because of background Ni levels that partially obscured the added Ni at lower concentrations.
Cobalt
Cobalt as cobalt chloride (CoCl 2 6H 2 O) was used to evaluate phytotoxic responses. Nominal concentrations used in the range-finding tests were 0.0, 0.3, 3, 30, 300, and 3,000 mg/ kg. Analyses of the test results by phytotoxicity scores identified alfalfa, barley, and radish as the three most sensitive species of the five tested. The putative threshold response concentrations were estimated to be approximately 12 mg/kg. Definitive test concentration series were established with a multiplier of 1.75 starting from 4 mg/kg. This gave nominal concentrations from 0 to 351.9 mg/kg.
The range of Co concentrations tested in the definitive studies bracketed the threshold phytotoxicity response. Measured concentrations were uniformly close to the nominal concen- Plant endpoints showed strong concentration-dependent effects, although virtually all endpoints exhibited characteristic hormesis response curves. Consequently, better descriptions of the concentration response relationships generally were obtained with the use of binomial regressions in which the endpoint values were regressed against the log measured concentration of cobalt. Squared regression coefficients (r 2 ) were consistently more than 0.6, and many were more than 0.85 for all species endpoints.
Cobalt threshold responses (EC20 values) were calculated from the regression equations for all endpoints. The speciessoil matrix EC20 values (mg/kg) for the artificial soil and riverine soil were alfalfa, 6.6, 15.8; barley, 39.9, 103.7; and radish, 22.6, 84.0, respectively. The geometric mean of these six values (30.6 mg/kg) is the provisional plant Eco-SSL for Co.
Nickel
Nickel as nickel chloride (NiCl 2 ·6H 2 O) was used to evaluate phytotoxic responses. Nominal concentrations used in the range-finding tests were 0.0, 0.3, 3, 30, 300, and 3,000 mg/ kg. Analyses of the test results by phytotoxicity score identified alfalfa, barley, and brassica as the three most sensitive species of the five tested. The putative threshold response concentrations were estimated to be approximately 6 mg/kg. Definitive test concentration series were established with a multiplier of 1.5, starting from 2 mg/kg. This gave nominal concentrations from 0 to 175.9 mg/kg.
The results for Ni phytotoxicity studies provided excellent concentration-response relationships. Some interference with chemical analyses for Ni appears to have affected the measured values in the Camas soil, although the magnitude of interference does not appear to mask the plant responses to Ni amendments.
Plant endpoints showed strong concentration-dependent effects, although virtually all endpoints exhibited characteristic hormesis response curves. Consequently, better descriptions of the concentration response relationships generally were obtained with the use of binomial regressions in which the endpoint values were regressed against the log measured concentration of nickel. Squared regression coefficients (r 2 ) were consistently more than 0.7, and many were more than 0.9 for all species endpoints.
Threshold responses (EC20 values) were calculated from the regression equations for all endpoints. The species-soil matrix EC20 values (mg/kg) for the artificial soil and riverine soil were alfalfa, 24.4, 26.6; barley, 14.4, 69.7; and brassica, 19.9, 36.3, respectively. The geometric mean of these six values (27.9 mg/kg) is the provisional plant Eco-SSL for Ni.
One consistent observation gleaned from exhaustive literature reviews such as those performed to identify Eco-SSLs is that published studies have limited value regarding identification of toxicity responses. Often, less than 1% of papers, on the basis of title, abstract, and key words, pass the acceptance criteria for use in Eco-SSLs [24] . Studies conducted according to the method described in this paper and the details reported in the tables and figures would achieve the goal of setting toxicity thresholds.
